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Nitric oxide (NO), a water- and lipid-soluble gaseous

free radical, has emerged as a key signaling molecule

in plants. Pharmacological investigations using NO

donors and inhibitors have implicated NO in diverse

processes, from seed germination to cell death [1–3].

However, information about the NO-mediated signal

transduction pathway(s) or the components involved

is limited. An important biological role of NO may

involve post-translational modification of proteins by:

(i) S-nitrosylation of thiol groups, (ii) nitration of

tyrosine and tryptophan (biological nitration), (iii)

oxidation of thiols and tyrosine, and (iv) binding to

metal centers [4]. S-nitrosylation of cysteine residues

in the target protein is a principle and reversible

modification by NO mediating its cyclic guanosine

monophosphate (cGMP)-independent effects [5].

NO nitrosylates transition metals, whereas

NO-derived species such as NO2, N2O3 and transition

metal–NO adducts nitrosylate cysteine residues in

proteins. Low-molecular-weight nitrosothiols such as

S-nitrosoglutathione (GSNO) nitrosylate target pro-

teins via transnitrosation, which involves direct trans-

fer of a NO group [6]. S-nitrosylation further

promotes disulfide bond formation in the neighboring
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Nitric oxide (NO) is a signaling molecule that affects a myriad of processes

in plants. However, the mechanistic details are limited. NO post-transla-

tionally modifies proteins by S-nitrosylation of cysteines. The soluble

S-nitrosoproteome of a medicinal, crassulacean acid metabolism (CAM)

plant, Kalanchoe pinnata, was purified using the biotin switch technique.

Nineteen targets were identified by MALDI-TOF mass spectrometry,

including proteins associated with carbon, nitrogen and sulfur metabolism,

the cytoskeleton, stress and photosynthesis. Some were similar to those pre-

viously identified in Arabidopsis thaliana, but kinesin-like protein, glycolate

oxidase, putative UDP glucose 4-epimerase and putative DNA topo-

isomerase II had not been identified as targets previously for any organism.

In vitro and in vivo nitrosylation of ribulose-1,5-bisphosphate carboxylase ⁄
oxygenase (Rubisco), one of the targets, was confirmed by immunoblotting.

Rubisco plays a central role in photosynthesis, and the effect of S-nitrosy-

lation on its enzymatic activity was determined using NaH14CO3. The

NO-releasing compound S-nitrosoglutathione inhibited its activity in a

dose-dependent manner suggesting Rubisco inactivation by nitrosylation

for the first time.
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thiols, thereby affecting protein activity [5]. It appears

that the 3D microenvironment of the reactive thiol

may in fact enhance the nitrosative reactivity [7].

In Arabidopsis thaliana, genomic and proteomic

approaches have identified NO-responsive transcripts

and proteins [8,9]. Microarray analysis has indicated

that 2% of the transcripts in the Arabidopsis genome

are NO-responsive. Analysis of sodium nitroprusside

(SNP)-treated seedlings showed 342 up- and 80 down-

regulated genes, encoding disease resistance proteins,

transcription factors, redox proteins, ABC transport-

ers, signaling components, and enzymes involved in

hormone (ethylene and methyl jasmonate) biosynthesis

and secondary metabolism [8]. A proteomics approach,

using the biotin switch technique, identified 63 S-nitro-

sylated proteins from cell cultures and 52 such proteins

from leaves, including stress-related, redox-related,

signaling ⁄ regulatory, cytoskeletal and metabolic

proteins [9].

Compared to Arabidopsis, a C3 plant, little is known

about S-nitrosylation in crassulacean acid metabolism

(CAM) plants. Our studies focus on a CAM plant,

Kalanchoe pinnata, which belongs to the Crassulaceae

family and possesses numerous medicinal properties,

including antibacterial, anti-allergic, antihistamine,

analgesic, anti-ulcerous, gastroprotective, immunosup-

pressive, sedative, antilithic and diuretic [10]. The

understanding of how the plant or its extracts control

such a diverse set of processes is in its infancy, and

ascertaining the mechanisms for each medicinal prop-

erty is a huge task. Therefore, we are interested in sig-

naling molecules that are known to have global and

multiple effects, such as NO, with respect to their pos-

sible involvement in the biology of CAM plants such

as K. pinnata.

We report here the identity of the major S-nitrosy-

lated proteins of K. pinnata, show that ribulose-1,5-

bisphosphate carboxylase ⁄oxygenase (Rubisco) is a

S-nitrosylated target, and demonstrate that Rubisco

enzyme activity is inhibited upon nitrosylation.

Results

Detection of S-nitrosylated proteins in K. pinnata

GSNO treatment readily nitrosylated several soluble

proteins from K. pinnata (Fig. 1), but its inactive ana-

log, glutathione (GSH, 250 lm), did not nitrosylate any

proteins (Fig. 1, lane GSH). Thus, protein nitrosylation

by GSNO seems specific. An abundant 16 kDa poly-

peptide was among the nitrosylated proteins detected,

and its nitrosylation increased with increasing GSNO

concentrations, becoming saturated between 500–

700 lm. Addition of N-ethylmaleimide (NEM) inhib-

ited nitrosylation of all proteins except the 16 kDa

polypeptide, which retained a residual level that was

maintained even at a 10-fold higher concentration of

NEM (supplementary Fig. S1). Omitting biotin from

the assay did not yield any signal, suggesting that the

polypeptide is not endogenously biotinylated. Treat-

ment with dithiothreitol (a thiol-specific reductant)

reversed the protein S-nitrosylation.

Purification and identification of S-nitrosylated

proteins by biotin–avidin affinity chromatography

To identify the S-nitrosylated proteins, neutravidin

affinity chromatography was used to purify biotinylated

proteins from K. pinnata leaf extracts as described in

Experimental procedures. The crude fraction and the

purified protein eluates were resolved by SDS–PAGE

and silver-stained to visualize the polypeptides. Eigh-

teen polypeptides, ranging in size from 116 to

29 kDa, were resolved (Fig. 2A, eluate). Most of the

enriched, stained proteins electrophoresed at or above

28 kDa, except two polypeptides between 14 and

16 kDa. Polyethylene glycol (PEG) fractionation was

used to reduce the abundance of Rubisco in the cell

extracts to ascertain that the highly nitrosylated
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Fig. 1. Immunoblot of S-nitrosylated proteins from Kalanchoe

pinnata leaf using the biotin switch technique. Protein extracts

(240 lg) were used either as such (lane 1) or treated with the indi-

cated concentrations of GSNO (lanes 2–5) or GSH (250 lM, lane 6)

for 20 min. Lane 7 represents the unblocked sample; the other sam-

ples were blocked with NEM (50 mM). After biotinylation, proteins

were separated by 12% SDS–PAGE, transferred to nitrocellulose

membrane and then probed with anti-biotin IgG (1 : 500 dilution).
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16 kDa polypeptide was in fact the small subunit of

Rubisco and also to reveal other low-abundance nit-

rosylated proteins of K. pinnata leaf extracts. The

results in Fig. 2B (lane 3) show the absence of the

16 kDa nitrosylated polypeptide from the PEG-trea-

ted fraction and three very strongly immunopositive

polypeptides (marked with asterisks, lane 3) that were

enriched in this fraction.

MALDI-TOF mass spectrometry was used to iden-

tify the polypeptides excised from the gel (marked with

dots in Fig. 2A), and similarity ⁄ identity was ascer-

tained using a Mascot search engine (Matrix Science,

London, UK). Table 1 lists the nitrosylated proteins

that were identified. The list includes proteins that

function in primary and secondary metabolism, photo-

synthesis, DNA replication, abiotic and biotic stress

responses, the cytoskeleton, and a few unknowns. As

both subunits of Rubisco appeared to be targets of

S-nitrosylation in this study as well as in previous

studies on Arabidopsis [9], and Rubisco is a key pro-

tein in carbon fixation, we investigated it in detail.

Rubisco small subunit is S-nitrosylated and NO

inhibits carbon fixation

The absence of the 16 kDa polypeptide in fractions in

which Rubisco protein amounts were decreased, and

its identity as the small subunit of Rubisco as revealed

by the Mascot search engine (see above), show that it

is one of the major targets of nitrosylation in K. pin-

nata. Nitrosylation of the small subunit of Rubisco

does not occur in the absence of biotin or the presence

of GSH, and is not totally blocked even at higher

concentrations of NEM (supplementary Fig. S1).

To test the physiological relevance of S-nitrosylation

of Rubisco, its activity was analyzed under nitrosylat-

ing and non-nitrosylating conditions. Crude extracts

of K. pinnata were incubated with either GSNO (25–

500 lm) or GSH (100–500 lm) prior to carboxylation

assay. Treatment with GSNO reduced both the initial

and total carboxylase activity in a dose-dependent

manner (Fig. 3A). GSH did not have any significant

effect. Addition of 10 mm dithiothreitol to GSNO-

treated extract restored the initial and total activities

to 83 and 84.9%, respectively. These observations

suggest the involvement of thiol group(s) in the nitro-

sylation of Rubisco. Reactivation of inhibited Rubisco

by reducing agents (dithiothreitol, GSH) has been

reported previously [11].

To further ascertain whether the GSNO effect is a

direct or indirect one, Rubisco was purified according

to the method described previously [12], and purified

protein (approximately 9 lg) was incubated with either

GSNO (25–500 lm) or GSH (100–500 lm) and carbox-

ylase activity determined. Similar to the data obtained

with crude extracts, purified Rubisco was inhibited by

GSNO in a dose-dependent manner (Fig. 3B). Further,
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Fig. 2. Purification and fractionation of the nitrosylated proteins

used for identification. (A) Silver-stained SDS–polyacrylamide gel

(12%) showing the profile of neutravidin–agarose-purified S-nitrosy-

lated proteins from Kalanchoe pinnata. Leaf proteins (5 mg) were

treated with GSNO (250 lM) and biotinylated using the biotin-switch

technique. Lane 1, crude extract; lane 2, purified fraction of S-nitro-

sylated proteins. Molecular mass markers (kDa) are shown on the

left. Dots indicate the positions of polypeptides excised from the

gel for trypsinization and MALDI-TOF mass spectrometry analysis.

The names of the identified proteins are listed next to their electro-

phoretic position. (B) Immunoblot of the PEG-4000-precipitated

fraction of K. pinnata leaf extracts. Supernatant (240 lg protein)

collected after 15% PEG-4000 precipitation of the extracts was

treated with (lane 3, GSNO) or without (lane 2, C) 250 lM GSNO

and then subjected to the biotin switch technique. Lane 1 is a

GSNO-treated sample prior to PEG-4000 precipitation and lane 4 is

the unblocked sample. Blots were probed with anti-biotin IgG.

Asterisks next to the protein bands indicate the targets that were

revealed after PEG-4000 precipitation of major soluble proteins.

S-nitrosylated proteins of Kalanchoe pinnata, a CAM plant J. K. Abat et al.
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we quantified the nitrosothiol content [13] in the puri-

fied Rubisco fraction treated with GSNO (250 lm).

GSNO-treated lysozyme (with no free thiols) was used

as a negative control and did not yield a positive reac-

tion, while GSNO-treated Rubisco protein yielded

41 lg of S-nitrosothiols per mg of protein.

In vivo S-nitrosylation of Rubisco

Finally, nitrosylation of Rubisco was analyzed in vivo.

Leaf discs were incubated with either GSNO (250 lm)

or GSH (250 lm) for 2 h at room temperature in the

dark. Leaf extracts were subjected to the biotin switch

technique, and biotinylated proteins were purified

using neutravidin–agarose as described in Experimental

procedures. Eluates were resolved on a gel followed by

immunoblotting with anti-Rubisco IgGs. Immunoblot

analysis confirmed that both the subunits of Rubisco

were nitrosylated in vivo, and this nitrosylation was

inhibited by GSH (Fig. 4).

Discussion

We demonstrate that a number of proteins from the

medicinal CAM plant K. pinnata undergo S-nitrosyla-

tion in response to NO-releasing compound. These

proteins represent the functional categories DNA repli-

cation, cytoskeleton, carbon, nitrogen and sulfur

metabolism, plant defense responses and photosynthe-

sis (Table 1 and Fig. 5). Of the identified S-nitrosylated

proteins involved in photosynthesis, ribulose-1,5-

bisphosphate carboxylase ⁄oxygenase (Rubisco) was

characterized. Its nitrosylation was found to inhibit its

activity. This is to our knowledge the first demons-

tration showing modulation of Rubisco activity by

S-nitrosylation. Rubisco plays a central role in photo-

synthesis. Oxidative stress and thiol-reducing agents

are known to target Rubisco and modulate its activity

[14–16]. Substitution of a cysteine residue (Cys65) in

the Rubisco small subunit induces alterations in the

catalytic efficiency and thermal stability of Rubisco

[17]. Based on these data, Rubisco may be predicted

to be a potential S-nitrosylation target. Our results
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Fig. 3. Rubisco activity is inhibited by GSNO. (A) Leaf extracts of

Kalanchoe pinnata were used either as such (Control) or treated

with the indicated concentrations of either GSNO (25–500 lM) or

GSH (250 lM). Enzyme activity was determined as previously

described [55]. The initial Rubisco activity in the untreated control

extract was taken as 100%. Absolute initial and total activities were

304.8 and 352 nmol CO2 min)1 mg)1 of protein, respectively. Addi-

tion of 10 mM dithiothreitol (DTT) to extract inhibited using 250 lM

GSNO restored the Rubisco activity. (B) Purified Rubisco was used

either as such (Control) or first treated with the indicated con-

centrations of either GSNO (25–500 lM) or GSH (250 lM) prior to

the measurement of enzyme activity. Each treatment consisted of

triplicate samples and was repeated three times.

A B

Fig. 4. Analysis of in vivo S-nitrosylated Rubisco. Kalanchoe pinnata

leaf discs were incubated with GSNO (250 lM) or GSH (250 lM)

and their extracts were then subjected to the biotin switch tech-

nique. (A) Silver-stained SDS–polyacrylamide (12%) gel showing

neutravidin–agarose-purified nitrosylated proteins. (B) Immunoblot

of purified samples probed using anti-Rubisco IgGs (1 : 1000).
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showing a linkage between post-translational S-nitrosy-

lation of Rubisco and its enzymatic activity suggest

that NO can have an impact on photosynthesis.

Reports of NO-mediated inhibition of photosynthesis

have been published previously [18,19], but the mecha-

nism was not known until now. NO is known to be

generated in the chloroplasts [20], and it was suggested

that reactive nitrogen species could exert an effect on

chloroplast macromolecules [20–22]. Our data support

this assertion, and identify a number of chloroplast

soluble proteins in addition to Rubisco as targets of

NO action via S-nitrosylation.

Phosphoenolpyruvate carboxylase (PEPC, EC

4.1.1.31), carbonic anhydrase (EC 4.2.1.1) and glyco-

late oxidase (EC 1.1.3.15) feature among the list of

identified S-nitrosylated proteins of K. pinnata. PEPC

is an important enzyme that catalyzes the primary step

in fixing atmospheric CO2 in C4 and CAM plants, gen-

erating oxaloacetate from phosphoenolpyruvate. In C4

plants, PEPC is regulated by light [23], and in CAM

plants it is regulated by reversible phosphorylation,

involving PEPC kinase, which is under the control of a

circadian clock and phosphorylates PEPC in the dark

[23,24]. However, post-translational modification of

PEPC by nitrosylation occurs in both Arabidopsis, a

C3 plant [9], and K. pinnata, a CAM plant (this study).

Carbonic anhydrase is present in animals, plants,

eubacteria and viruses [25]. S-glutathiolation of mam-

malian carbonic anhydrase III protein sulfhydryl

groups has been shown previously [26]. In Arabidopsis,

neither carbonic anhydrase nor glycolate oxidase were

found among the nitrosylated proteins [9]. Flavin

mononucleotide-dependent glycolate oxidase catalyzes

the oxidation of a-hydroxy acids to the corresponding

a-ketoacids, and is one of the green plant enzymes

involved in photorespiration. Nitrogen status influ-

ences the structure and activity of this enzyme in an

aquatic angiosperm [27]. In animals, the enzyme par-

ticipates in the production of oxalate [28].

A number of proteins associated with carbohydrate,

nitrogen and sulfur metabolism are among the identi-

fied K. pinnata S-nitrosylated proteins. Those involved

in carbohydrate metabolism include fructose-1,6-bis-

phosphate aldolase, the glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) C subunit, phosphoglycerate

kinase and UDP glucose 4-epimerase. All these

enzymes except putative UDP glucose 4-epimerase

were previously identified as S-nitrosylated targets in

Arabidopsis [9]. Like carbonic anhydrase, both aldolase

and phosphoglycerate kinase are glutathionylated

under oxidative stress in human T lymphocytes [29].

Evidence for S-glutathionylation of GAPDH by NO

has been presented previously [30]. The above

described characteristics are consistent with these pro-

teins to be S-nitrosylated. Thus, glycolysis and galac-

tose metabolic components are also the targets of NO.

Glutamate ammonia ligase (or glutamine synthetase;

EC 6.3.1.2) plays a central role in nitrogen metabolism

by catalyzing the synthesis of glutamine from gluta-

mate, ATP and ammonium [31]. Despite being a key

enzyme in nitrogen metabolism, little is known about

the regulatory mechanisms controlling plant glutamine

synthetase at the post-translational level. Oxidative

stress targets soybean root glutamine synthetase for

proteolysis in vitro, and exogenous application of

ammonium nitrate induces the glutamine synthetase

transcript and protein [32]. Surprisingly, glutamine

synthetase in soybean supplemented with exogenous

nitrogen is less susceptible to oxidative modification

and proteolysis. In isolated pea chloroplasts, light was

shown to cause degradation of soluble proteins, includ-

ing glutamine synthetase [33].

The plant cobalamin-independent methionine

synthase (EC 2.1.1.14) is an important enzyme that

synthesizes methionine, which is linked to two meta-

bolic networks, sulfur and carbon metabolism [34].

The finding that enzymes in carbon, nitrogen and

sulfur metabolism are targets of S-nitrosylation may

have important implications in the regulation of car-

bon, nitrogen and sulfur fluxes in plants under normal

as well as stress conditions. Future studies and further

characterization should provide information regarding

those effects. However, the fact that the chaperone

proteins, high-molecular-weight heat-shock proteins

(HSP) 90 and 81.3, are among the nitrosylated proteins

in Arabidopsis (HSP90) [9] and K. pinnata (HSP90 and

HSP81.3) is an indication of important implications

for cellular metabolism following sensing of NO.

Metabolic enzymes 

Proteins involved in 
photosynthesis
Cytoskeleton proteins 

Stress related proteins

Protein involved in 
DNA replication 
Protein involved in 
disease resistance 
Unknown proteins 

Fig. 5. Functional categories of Kalanchoe pinnata S-nitrosylated

proteins. The identified S-nitrosylated proteins were classified into

various functional categories as shown. The area for each category

indicates the relative percentage of proteins in that category.
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Over 120 proteins are known to be S-nitrosylated in

animal systems [35–43]. However, information on pro-

tein nitrosylation in plants is limited. The only other

plant in which S-nitrosylated proteins have been identi-

fied is Arabidopsis [9]. A comparison of the identified

K. pinnata S-nitrosylated proteins with those in Arabid-

opsis reveals common targets as heat shock proteins,

fructose-1,6-bisphosphate aldolase, and the large and

small subunits of Rubisco. S-nitrosylated proteins iden-

tified here that have not been identified previously

include putative UDP-glucose 4-epimerase, glycolate

oxidase, kinesin-like protein, putative DNA topoisom-

erase II and a putative disease resistance protein that

shows homology to cytoplasmic nucleotide-binding

site ⁄ leucine-rich repeat (NBS-LRR) proteins (Table 1).

Thus, studies on the CAM plant K. pinnata indicate

that other proteins are S-nitrosylated, in addition to the

NO-modified proteins shared with the C3 plant, Arabid-

opsis. All of these S-nitrosylated proteins have cysteine

residues. Future studies are required to address whether

S-nitrosylation alters their activity and which cyste-

ine(s) is the most likely target(s) for S-nitrosylation.

Kinesin-like protein, putative DNA topoisomerase

and the putative disease resistance protein identified

here among the S-nitrosylated proteins have not fea-

tured in previous reports with animal systems [35–43] or

Arabidopsis [9]. However, other cytoskeleton proteins

such as actin and tubulin were shown to undergo

S-nitrosylation in Arabidopsis [9]. Kinesins are eukary-

otic microtubule-associated motor proteins that have

roles in vesicle and organelle transport, cell movement,

spindle formation and chromosome movement [44].

DNA topoisomerase II, an enzyme that removes DNA

supercoiling by catalyzing DNA swiveling and relaxa-

tion and that affects macromolecular biosynthesis, is

also S-nitrosylated [45,46].

The presence of a putative nucleotide-binding

site ⁄ leucine-rich repeat (NBS-LRR)-type disease resis-

tance protein among the identified S-nitrosylated

proteins in K. pinnata is interesting and consistent with

previous findings that S-nitrosothiols play a central

role in plant disease resistance [47]. NO levels have

been associated with signaling in plant disease resis-

tance [48]. Our data suggests that NO signaling in

plant disease resistance may involve nitrosylation of

disease resistance proteins.

In conclusion, given that S-nitrosylation encom-

passes kinesins that function in cell division and

development processes, DNA topoisomerase II that

functions in the transcription and replication of DNA,

enzymes involved in carbon, nitrogen and sulfur

metabolism, proteins involved in photosynthesis and

photorespiration, defense-related proteins and several

unknowns, NO-mediated protein S-nitrosylation is

likely to have broader implications in plant processes

than realized so far. The identification of 19 S-nitrosy-

lated proteins in K. pinnata was carried out by in vitro

treatment with GSNO, which is commonly used as a

source of NO generation to study NO effects. The

in vivo concentrations of GSNO in K. pinnata are not

known. However, similar protein targets were identi-

fied at the concentrations of GSNO (in lm range) used

here, and in vitro with GSNO and in vivo with NO gas

in Arabidopsis. Therefore, it is likely that the same

protein targets are S-nitrosylated in vivo. Although we

have presented detailed studies on the nitrosylation of

Rubisco and inhibition of this major enzyme, in vivo

validation of the identified protein targets is required.

It will also be important to monitor NO levels

in planta in response to developmental and environ-

mental cues. Recently, it was observed that S-nitros-

othiol levels increase in response to abiotic stress in

olive seedlings [47]. In addition, S-nitrosothiols and

NO have been shown to play role in biotic stress

[48,49].

When studying NO signaling and its components, it

is critical to elucidate the S-nitrosoproteome of not

only model plants but also of cash crops, as profiling

of the S-nitrosoproteome in response to environmental

and developmental cues has the potential to provide

novel targets for crop improvement.

Experimental procedures

Materials

GSNO, GSH, neocuproine, sodium ascorbate, Hepes,

Triton X-100, ribulose-1,5-bisphosphate and anti-biotin

mouse monoclonal IgG were obtained from Sigma-Aldrich

(St Louis, MO, USA). Methyl methanethiosulfonate

(MMTS), NEM, N-[6-(biotinamido)hexyl]-3¢-(2¢-pyridyldi-
thio)-propionamide (biotin-HPDP) and neutravidin–agarose

were obtained from Pierce (Rockford, IL, USA). Anti-

mouse IgG alkaline phosphatase conjugate was obtained

from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

NaH14CO3 was obtained from the Board of Radiation and

Isotope Technology (Mumbai, India). Teepol (neutral

liquid detergent) was purchased from Reckitt Benckiser

(Haryana, India). All other chemicals used were of analy-

tical grade.

Plant material and growth conditions

Kalanchoe pinnata plants were grown in the botanical

garden at the University of Delhi, India. The third pair

of leaves from the apex was excised and used for the
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experiments. Leaves were surface-sterilized in 1% Teepol,

thoroughly rinsed with sterile distilled water, and then dried

in a laminar flow hood.

Protein extraction and PEG-4000 precipitation

Frozen leaf discs were extracted (1 : 3 w ⁄ v) in TEGN

buffer (500 mm Tris ⁄HCl pH 8.0, 5 mm EDTA, 15% glyc-

erol and 0.1 mm neocuproine), and the extracts were centri-

fuged at 14 000 g for 30 min (at 4 �C) to remove the

particulates. Supernatants were used for protein estimation

using the Bradford assay [50] with BSA as the standard. To

remove the major leaf protein, Rubisco, from the extracts,

60% w ⁄ v PEG-4000 was added to the supernatant (final

concentration 15% PEG-4000) with stirring. After 30 min

of stirring at 4 �C, the solution was centrifuged at 16 700 g

for 45 min (at 4 �C). The supernatant was retained for

analysis.

Detection of S-nitrosylated proteins by the

biotin-switch technique

S-nitrosylated proteins were detected using the biotin switch

technique [51]. Briefly, the protein concentration in the

supernatant was adjusted to 0.8 lgÆlL)1 using HEN solu-

tion (25 mm Hepes ⁄NaOH pH 7.7, 1 mm EDTA, 0.1 mm

neocuproine) and incubated with GSNO or GSH for

20 min at room temperature. Proteins were acetone-precipi-

tated to remove GSNO or GSH, and then incubated at

50 �C for 20 min in 50 mm NEM and 2.5% SDS (prepared

in HEN solution) with frequent vortexing. Another acetone

precipitation was performed to remove NEM. The protein

pellet was re-suspended in 0.1 mL HENS solution (HEN

solution in 1% SDS) per mg protein, followed by incuba-

tion with 2 mm biotin-HPDP and 5 mm ascorbate for 1 h

at 25 �C. Assay components were optimized for K. pinnata.

Leaf extracts (240 lg protein) treated with 0, 100, 250, 500

or 700 lm GSNO for 20 min showed the same S-nitrosyla-

tion pattern but increased intensity (Fig. 1). Based on these

results, GSNO (250 lm) was used for the remaining experi-

ments to avoid secondary reactions such as production of

free S-nitrosothiols or NO)
2 formation [42]. The assay was

also performed without blocking the proteins (with MMTS

or NEM) as a positive control (Fig. 1, no block). Free thiol

blockage by treatment with NEM was tested at 50–500 mm

and at various temperatures (45–55 �C). NEM at or above

50 mm completely blocked free thiols in all S-nitrosylated

proteins, with a reduced effect on the 16 kDa polypeptide

(supplementary Fig. S1). Varying the incubation tempera-

ture (45–55 �C) did not alter the profile; therefore 50 �C
was used as the blocking temperature [35]. Another revers-

ible sulfonating reagent, MMTS, gave similar results when

used as a blocking agent at 20 mm. The experiments

presented were repeated at least three times.

Purification and identification of S-nitrosylated

proteins

Biotinylated proteins were precipitated, washed with

pre-chilled acetone and re-suspended in HENS solution

(0.1 mLÆmg)1 protein). Two volumes of neutralization

buffer (20 mm Hepes ⁄NaOH pH 7.7, 100 mm NaCl, 1 mm

EDTA, 0.5% Triton X-100) were added. Neutravidin–

agarose at 15 lLÆmg)1 of protein was added, and the mix-

ture was incubated for 1 h at room temperature. The resin

was washed six times with ten volumes of washing buffer

(neutralization buffer with 600 mm NaCl). Elution was car-

ried out with 400 lL elution buffer (neutralization buffer

containing 100 mm b-mercaptoethanol) for 20 min. After

acetone precipitation, the pellet was dissolved in HENS

and SDS sample buffer (reducing). Proteins were resolved

by 12% SDS–PAGE [52] and visualized by silver staining

[53]. The S-nitrosylated protein purification procedure was

repeated three times.

Protein bands were excised from the gel, digested with

trypsin and identified either by peptide mass fingerprinting;

MALDI-TOF MS (Bruker Daltonics, Billerica, MA, USA)

or LC-MS ⁄MS at the Centre for Genomic Application,

New Delhi (India). Each set of peptides obtained was

matched using the Mascot search engine (Matrix Science),

utilizing a probability-based scoring system and a mass

spectrometry protein database. Those matches found to be

significant using the Mascot search engine algorithm were

classed as identified. The Mascot scoring system calculates

the random event probability of matches between the

experimental data and mass values (calculated from a

candidate peptide or protein sequence) using the equation

)10 log10 (P), where P is the probability. If the probability

is high, it is taken as a false-positive, while a true match

would have a low probability value. The mass spectrome-

try protein sequence database is a composite, non-identical

protein sequence database, built from a number of primary

source databases such as PIR, Trembl, GenBank,

Swiss-Prot and NRL3D.

Immunoblotting

Biotinylated proteins were mixed with SDS sample buffer

without reducing agents, separated by 12% SDS–PAGE,

and transferred onto nitrocellulose membrane using a

semi-dry apparatus (GE Healthcare, Uppsala, Sweden).

Immunoblotting was performed as described previously

[54]. Immunoblots were blocked with 3% BSA and then

probed with either anti-biotin mouse monoclonal IgG

(Sigma) at a dilution of 1 : 500 or anti-Rubisco IgG for 2 h

at a dilution of 1 : 1000. Alkaline phosphatase-conjugated

antibodies (Santa Cruz) were added, and cross-reacting

protein bands were visualized using nitroblue tetrazolium

and 5-bromo-4-chloro-3-indolyl phosphate.
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Rubisco carboxylase activity assay

Leaf discs (600 mg fresh weight) were extracted in 2 mL

extraction buffer (250 mm Bicine pH 8.0, 10 mm MgCl2,

5 mm EDTA, 2% w ⁄ v PVP, 15% w ⁄ v PEG-20 000, 2.5%

v ⁄ v Tween-20, 1 mm phenylmethanesulfonyl fluoride) and

centrifuged at 10 000 g for 30 s at 4 �C. The supernatant was
incubated with and without GSNO (250 lm) or GSH

(250 lm) for 20 min at room temperature in the dark. Rubi-

sco activity can be modulated through reversible carbamyla-

tion in response to change in light intensity, CO2 or O2. In

order to discount this, Rubisco activity was measured [55] as

soon as the extracts were prepared (initial activity) and after

incubating them with saturating concentrations of CO2 and

Mg2+ to carbamylate Rubisco (total activity) [56]. Briefly,

for initial Rubisco activity, 100 lL of each sample was added

to 400 lL of assay buffer (166 mm Bicine ⁄KOH pH 8.0,

10 mm MgCl2, 30 lm NaH14CO3 at 51 CiÆmol)1). The reac-

tion was initiated by addition of the substrate ribulose-1,5-

bisphosphate (0.5 mm) and terminated after 1 min using

200 lL of 5 N HCl. Total activity was measured by pre-incu-

bating each sample for 8 min at 30 �C prior to the addition of

ribulose-1,5-bisphosphate. After terminating the reaction, the

samples were dried overnight and the acid-stable 14C counts

were determined using a liquid scintillation counter. To reac-

tivate the enzyme, GSNO-inhibited enzyme was treated with

10 mm dithiothreitol for 20 min at room temperature, residual

dithiothreitol was removed by gel filtration, and the protein

was assayed for Rubisco activity as described above. Each experi-

ment was carried out in triplicate and repeated three times.

Rubisco holoenzyme from K. pinnata was purified by the

method described previously [12]. The purified protein was

treated with either GSNO (250 lm) or GSH (250 lm) for

20 min at room temperature in the dark. The initial and total

Rubisco activities were then determined as described above.

In vivo S-nitrosylation of Rubisco

K. pinnata leaf discs were incubated with either GSNO

(250 lm) or GSH (250 lm) for 2 h at room temperature in

the dark. Soluble proteins were isolated and subjected to

the biotin switch technique as described above. Biotinylated

proteins were purified, resolved by SDS–PAGE, and immu-

noblotted with anti-Rubisco IgG as described above. Each

treatment was repeated three times.

Quantification of S-nitrosothiols

S-nitrosothiols were quantified as described previously [13].

Briefly, 180 lL of purified Rubisco protein (34 lg protein

equivalent) was either treated or not treated with 250 lm

GSNO. After removing residual GSNO by acetone precipi-

tation, the pellets were dissolved in 180 lL HEN solution.

To this, 30 lL of 0.5% ammonium sulfamate was added.

After 2 min incubation, the solution was made to 2.7%

sulfanilamide and 0.25% HgCl2 (in 0.4 N HCl) in a final

volume of 300 lL. Finally, 240 lL of freshly prepared

0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride was

added. After 20 min incubation at room temperature, the

absorbance was measured at 540 nm. S-nitrosothiol content

was determined using a standard curve prepared with

different concentrations of GSNO.
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